The amygdala has long been considered to be both necessary and sufficient for classical fear conditioning, but recent evidence suggests that the medial prefrontal cortex (mPFC) may also be involved. The prelimbic (PL) subregion of mPFC projects to the amygdala, and neurons in PL show fear-related increases in activity. It is unknown, however, whether PL activity is necessary for expression of learned fears, expression of innate fears, or the learning of fear associations. To address this, we used the sodium channel blocker tetrodotoxin to inactivate PL during fear learning or expression. Inactivation of PL reduced freezing to both a tone and a context that had been previously paired with footshock (learned fear) but had no effect on freezing to a cat (innate fear). Inactivation of PL before conditioning, however, did not prevent the formation of auditory or contextual fear memories. Thus, activity in PL is critical for the expression, but not the acquisition, of learned fears. We suggest that PL integrates information from auditory and contextual inputs and regulates expression of fear memories via projections to the basal nucleus of the amygdala.
Introduction
An organism's survival depends on its ability to respond appropriately to threatening stimuli. Fear responses to such stimuli can be either learned or innate. A set of neural circuits mediating fear learning and expression has been conserved across mammalian species. At the heart of this fear circuit lies the amygdala, which receives convergent information about conditioned (learned) (CS) and unconditioned (innate) stimuli and stores associative memories of these stimuli (LeDoux, 2000) . In support of this, lesions of the amygdala eliminate the ability of rats to learn fear associations (Iwata et al., 1986; Goosens and Maren, 2001) , and lesions made after conditioning abolish previously learned fear responses (Kim and Davis, 1993; Anglada-Figueroa and Quirk, 2005) as well as fear responses to a predator (Blanchard and Blanchard, 1972) . Thus, the amygdala is necessary for both the acquisition and expression of fear responses.
In contrast to the amygdala, the cortex is thought to be unnecessary for fear learning, because pretraining lesions of various cortical regions do not disrupt acquisition of conditioned fear (Romanski and LeDoux, 1992; Morgan et al., 1993; Campeau and Davis, 1995; Quirk et al., 2000) . This idea has been challenged recently, however, by observations that some types of fear learning require activation of kinases and dopamine receptors in the medial prefrontal cortex (mPFC) (Runyan et al., 2004; Laviolette et al., 2005) and that pharmacological inactivation of mPFC reduces expression of conditioned fear (Sierra-Mercado et al., 2006) . Thus, despite negative lesion findings, activity in the mPFC may be important for fear acquisition or expression in an intact animal.
The prelimbic (PL) subregion of mPFC sends robust projections to the basal nucleus of the amygdala (McDonald et al., 1996; Vertes, 2004) , and neurons in PL show conditioning-induced plasticity (Baeg et al., 2001; Gilmartin and McEchron, 2005; Laviolette et al., 2005) . Lesions of PL do not prevent acquisition or expression of conditioned fear (Rosen et al., 1992; Morgan et al., 1993; Quirk et al., 2000) , but it is not known whether PL activity in the intact animal is essential for either process. To address this, we inactivated PL with the sodium channel blocker tetrodotoxin (TTX) under three conditions: before auditory or contextual conditioning, after auditory or contextual conditioning, or before exposure to a predator. This design allowed us to determine the extent to which the involvement of PL in fear learning might depend on factors such as the nature of a fear stimulus (learned vs innate), stimulus modality, and phase of learning.
Materials and Methods
Subjects. Male Sprague Dawley rats (270 -320 g) were obtained, housed, and handled as described previously (Quirk et al., 2000) . Food was restricted to 18 g/d until rats reached 85% of their free-feeding weight. They were then trained to press a bar for food on a variable interval schedule of reinforcement . Throughout all conditioned fear experiments, rats were able to press for food to maintain a constant level of activity against which freezing could be reliably measured (Quirk et al., 2000) . All procedures were approved by the Institutional Animal Care and Use Committee of the Ponce School of Medicine in compliance with National Institutes of Health guidelines.
Surgery. Rats were anesthetized with ketamine (80 -90 mg/kg, i.p.)/ xylazine (5-10 mg/kg, i.p.) and implanted with a single stainless steel guide cannula (26 gauge; Plastics One, Roanoke, VA) aimed at the midline. Coordinates were 2.8 mm anterior, 0.9 mm lateral, 2.9 mm ventral to bregma, and the cannulas were angled 13°toward the midline in the coronal plane. Rats were allowed 7 d to recover from surgery before behavioral testing.
TTX infusions. Inactivation of PL was achieved via infusion of TTX (5 ng/0.3 l; Sigma, St. Louis, MO) dissolved in artificial CSF (ACSF). We chose to use TTX to block activity in PL neurons as well as in afferent axons terminating in PL. Infusion cannulas (33 gauge; Plastics One) extended 1 mm past the end of the guide cannulas. Drugs were infused at a rate of 0.15 l/min for 2 min, for a total volume of 0.3 l. Infusion cannulas were left in place for 1 min to allow for diffusion of the drug. In all experiments, infusions were performed 45 min before behavioral testing.
Pretesting inactivation of PL. All conditioning experiments were performed in four identical operant conditioning chambers, as described previously (Quirk et al., 2000) . Food was available on a VI-60 schedule during all sessions. Between rats, shock grids were cleaned with soap and water, and the chamber walls were wiped clean.
Rats were conditioned to either a tone or a context paired with footshock. On day 1 of auditory conditioning, rats were given seven tones (30 s; 75 dB; 4 kHz) that coterminated with footshocks (0.5 s; 0.50 mA). The interval between tone presentations was variable with an average of 3 min. On day 2, rats were returned to the chambers for testing, which consisted of two tones in the absence of footshock. Forty-five minutes before testing, rats received intra-PL infusions of ACSF (n ϭ 10) or TTX (n ϭ 10).
For context conditioning, rats were given four unsignaled footshocks (1 s; 0.8 mA) on day 1. The shocks were spaced 3 min apart, beginning 5 min after the rats were placed in the conditioning chambers. Rats were returned to their home cages 3 min after the last footshock. On day 2, rats were returned to the chambers for a 5 min test. Rats received intra-PL infusions of ACSF (n ϭ 8) or TTX (n ϭ 8) 45 min before testing.
Test for predator fear. A subset of the rats used in the previous experiments was tested for innate fear to a live cat (Blanchard and Blanchard, 1972) . The apparatus used was adapted from that used by Pentkowski et al. (2006) . A rectangular arena (91.5 cm long ϫ 51 cm deep ϫ 61 cm tall) was divided into two rat chambers and a cat compartment. One end of each rat chamber faced the cat compartment through a wire mesh screen. Rats were given a 3 min preexposure session to habituate them to the novel environment. They were then returned to their home cages and infused with either ACSF (n ϭ 9) or TTX (n ϭ 9). Forty-five minutes later, they were returned to the chambers and, after 5 min, a female domestic cat was introduced into the cat compartment. Rats were exposed to the cat for 5 min and returned to their home cages.
Preconditioning inactivation of PL. Rats were conditioned and tested for fear to auditory and contextual stimuli as described above. In these experiments, however, PL infusions occurred 45 min before fear acquisition on day 1, and rats were tested drug-free on day 2. For auditory conditioning (ACSF, n ϭ 9; TTX, n ϭ 8), the conditioning and testing phases were as described above. For context conditioning, we reconditioned rats that had been used in the auditory pretesting inactivation experiment. In this experiment (ACSF, n ϭ 10; TTX, n ϭ 10), rats received only two unsignaled footshocks during conditioning and were given a 5 min context test the following day, drug free.
Open field. Rats were tested for locomotion and anxiety in an open field (91.5 ϫ 91.5 ϫ 61 cm). Grid lines drawn on the floor of the arena divided it into peripheral (within 15.25 cm of the walls) and central (61 ϫ 61 cm) regions of approximately equal area. Rats were given infusions of ACSF (n ϭ 10) or TTX (n ϭ 10) 45 min before a 10 min session in the arena.
Data collection and analysis. For all experiments, behavior was videotaped for off-line analysis. Freezing during the contextual and auditory conditioning experiments was quantified from digitized videos using Freezescan software (Clever Systems, Reston, VA) and expressed as the percentage of the CS the rats were motionless. In the auditory conditioning experiments, we also assessed suppression of bar pressing as an additional measure of conditioned fear [suppression ϭ (pretone rate Ϫ tone rate)/(pretone rate ϩ tone rate)]. A suppression ratio of 0 indicates no suppression of bar pressing, and a ratio of 1.0 indicates maximal suppression. For the innate fear and open-field experiments, behavior was scored by observers blind to the rats' infusions. For all experiments, group differences were determined using ANOVA or Student's t tests. After significant main effects, post hoc comparisons were performed using Scheffé tests. After behavioral procedures were completed, histological verification of cannula placements was performed on thionin-stained coronal sections taken through mPFC.
Results

Histology
Guide cannulas were aimed at the PL subdivision of mPFC. Figure 1 shows a photomicrograph of a representative guide cannula placement in PL, together with an illustration of cannula placements for all rats. A total of 53 rats were used across all experiments.
Inactivation of PL disrupts the expression of learned fear
To test the role of PL in conditioned fear expression, rats were fear conditioned using auditory or context CSs. The following day, rats were infused with TTX or ACSF into PL before testing for fear (Fig. 2) . For both auditory and context conditioning, all rats acquired similarly high levels of fear during the conditioning sessions. The day after conditioning, inactivation of PL decreased conditioned freezing to both tone and context by ϳ80% [tone: ACSF, 69%; TTX, 14%; t (18) ϭ 4.30; p Ͻ 0.001 ( Fig. 2 A) ; context: ACSF, 65%; TTX, 9%; t (14) ϭ 4.37; p Ͻ 0.001 (Fig. 2 B) ]. Inactivation similarly reduced conditioned suppression of bar pressing during the tone, as evidenced by a significant reduction in the suppression ratio (ACSF, 0.95; TTX, 0.44; t (18) ϭ 3.57; p ϭ 0.002). Thus, activity in PL is necessary for the expression of learned fears. 
Inactivation of PL does not disrupt the expression of innate fear
We next tested whether activity in PL is also necessary for the expression of innate fear. Rats were infused with TTX or ACSF and placed in a small arena 45 min after infusion. After 5 min, a cat was placed in an arena adjacent to the rat, separated by a wire screen. Before cat exposure, rats showed negligible freezing. In the presence of the cat, ACSF-infused rats showed levels of freezing comparable with that elicited by the conditioned tone and context. In contrast to the conditioning experiments, however, infusion of TTX into PL did not reduce freezing to the cat (ACSF, 53%; TTX, 48%; t (16) ϭ 0.51; p ϭ 0.62) (Fig. 2C) .
Another innate fear in rats is the fear of open spaces. Rats were infused with TTX or ACSF before a 10 min session in an open field, in which normal rats prefer to spend time in the periphery (close to the walls). The percentage of time spent in the periphery of the open field did not significantly differ between groups (ACSF, 96%; TTX, 98%; t (18) ϭ 1.92; p ϭ 0.07) (Fig. 2 D) . Thus, PL activity is not required for expression of fear to either predators or open spaces.
Inactivation of PL before conditioning does not prevent fear learning
We next determined whether activity in PL is necessary for fear acquisition by infusing TTX before conditioning. Replicating our findings in the previous experiments, inactivation of PL significantly reduced freezing during the conditioning session (Fig. 3) . In the last block of auditory conditioning (Fig. 3A) , vehicle and TTX-infused rats froze 73 and 27%, respectively. ANOVA revealed significant main effects of infusion (F (1,15) ϭ 12.2; p ϭ 0.003) and trial block (F (2,30) ϭ 28.0; p Ͻ 0.001) and a significant infusion by trial block interaction (F (2,30) ϭ 7.9; p ϭ 0.002). During context conditioning, TTX similarly reduced the expression of freezing (Fig. 3B) . In the last post-shock period, ACSF-and TTX-infused rats froze 67 and 28%, respectively. ANOVA revealed significant main effects of infusion (F (1,18) ϭ 12.1; p ϭ 0.003) and trial (F (2,36) ϭ 46.5; p Ͻ 0.001) and a significant infusion by trial interaction (F (2,36) ϭ 10.3; p Ͻ 0.001).
Despite reduced freezing during training, TTX-infused rats showed normal fear memory the following day, when tested drug free. In the tone conditioning experiment, TTX-and ACSFinfused rats showed equivalently high levels of tone-induced freezing (ACSF, 81%; TTX, 72%; t (15) ϭ 0.52; p ϭ 0.61) (Fig. 3A) and tone-induced suppression of bar pressing (ACSF, 0.93; TTX, 0.87; t (15) ϭ 0.48; p ϭ 0.64). In the context conditioning experiment, all rats showed equivalent levels of context-induced freezing (ACSF, 42%; TTX, 41%; t (18) ϭ 0.09; p ϭ 0.93) (Fig. 3B) . Thus, TTX reduced fear expression when present during training but did not prevent the formation of fear associations.
Inactivation of PL does not affect bar pressing or spontaneous locomotion
Inactivation of PL before auditory and context conditioning had no effect on rates of bar pressing for food (ACSF, 18 presses/min; TTX, 22 presses/min; t (35) ϭ 0.92; p ϭ 0.36). Inactivation also had no effect on locomotor behavior, because there were no differences in the number of line crosses in the open field (ACSF, 172 crosses; TTX, 154 crosses; t (18) ϭ 0.62; p ϭ 0.54). Collectively, these results indicate that reduced freezing after PL inactivation was not attributable to changes in locomotor behavior or the motivation to press for food.
Discussion
We used pharmacological inactivation to determine the role of prelimbic activity in fear acquisition and expression. PL inactivation after conditioning reduced freezing to both a conditioned tone and a conditioned context but had no effect on freezing to a cat or avoidance of open spaces. Thus, PL activity is necessary for the expression of previously learned fears but not for the expression of innate fears. PL inactivation reduced fear expression during conditioning, but did not disrupt the formation of fear memories. This suggests that, although PL is critical for the expression of learned fear, it is not a critical site of plasticity underlying fear learning.
The lack of effect of PL inactivation on fear acquisition is similar to findings from studies using pretraining lesions (Morgan et al., 1993; Quirk et al., 2000) . Our results suggest that the critical site of plasticity for classical fear conditioning lies outside PL, although PL may serve as a critical storage site in other fear conditioning paradigms, such as trace fear conditioning (Runyan et al., 2004) or olfactory conditioning (Laviolette et al., 2005) . In contrast to PL, inactivation of the basolateral amygdala (BLA) blocks acquisition of fear to both auditory and contextual CSs (Helmstetter and Bellgowan, 1994; Wilensky et al., 1999) . Thus, our effects are consistent with the notion that the critical plasticity for fear learning occurs in the amygdala (LeDoux, 2000; Goosens and Maren, 2003; Wilensky et al., 2006) .
Despite the lack of effect on fear acquisition, inactivation of PL dramatically reduced the expression of fear to auditory and contextual CSs. Consistent with this finding, microstimulation of PL increases freezing to a conditioned tone (Vidal-Gonzalez et al., 2006) , and inactivation of PL reduced freezing in a trace fear conditioning paradigm (Blum et al., 2006) . PL could drive fear expression via its projections to the basal amygdala (BA) (McDonald et al., 1996; Vertes, 2004) . In support of this, action potentials in PL neurons tend to precede those in BA neurons, indicating an excitatory connection between the two structures (Likhtik et al., 2005) . Moreover, BA projects to the central nucleus of the amygdala, which in turn projects to subcortical and brainstem structures necessary for generating fear responses (LeDoux et al., 1988) . Similar to our postconditioning inactivation of PL, postconditioning lesions of BA eliminate freezing to a conditioned tone (Anglada-Figueroa and Quirk, 2005) . Thus, PL inputs to BA may be a key pathway for cortical modulation of fear expression. It is also possible, however, that fibers of passage originating rostral to PL may be involved, because they would likely have been affected by TTX infused into PL.
The lack of effect of PL inactivation on cat-evoked freezing suggests that expression of innate fear is mediated by a different pathway than conditioned fear. Unlike conditioned fear, predator fear does not appear to involve the BLA. Amygdala lesions that include the central and medial nuclei, but spare the BLA, block predator-evoked fear (Blanchard and Blanchard, 1972) . Predator odors induce expression of immediate early genes in the medial nucleus (Dielenberg et al., 2001) , and inactivation of the medial nucleus, but not the BLA, reduces freezing to a predator odor (Wallace and Rosen, 2001; Muller and Fendt, 2006) . This could explain why PL, which projects to the BLA but not the medial nucleus (McDonald et al., 1996; Vertes, 2004) , is important for learned, but not innate, fear.
PL receives convergent input from frontal areas, visual and auditory cortices, hippocampus, amygdala, thalamus, and hypothalamus (Conde et al., 1995) . Thus, PL output likely reflects the integration of contextual, motivational, and mnemonic information. In support of this, stimulation of hippocampus can gate responses of PL neurons to BLA stimulation and vice versa (Ishikawa and Nakamura, 2003) , and PL activity shows synchrony with hippocampal activity in a spatial working memory task (Jones and Wilson, 2005) . The integration of sensory inputs with contextual and mnemonic information in PL may be necessary for determining the circumstances in which it is appropriate to express conditioned fear. After extinction, for example, fear expression is contextually regulated, and this regulation requires the hippocampus (Corcoran and Maren, 2001 ). Thus, integration of hippocampal and amygdalar projections in PL may be necessary for the conditional expression of fear to a CS. Such integration is apparently not required for unconditional fear responses to a predator.
In humans, mPFC is important for evaluating emotionally salient stimuli to select appropriate actions (Ochsner and Gross, 2005) . During fear conditioning, the dorsal anterior cingulate cortex (dACC), which may be homologous to PL (Ongur and Price, 2000) , shows robust activity (Buchel et al., 1999; Knight et al., 2004; Phelps et al., 2004; Birbaumer et al., 2005) . Our data suggest that hyperactivity in dACC could contribute to amygdala hyperactivity, which underlies posttraumatic stress disorder (Shin et al., 2004) . Reducing dACC activity might therefore be a useful strategy for the treatment of fear-related disorders, such as posttraumatic stress disorder and phobias (Straube et al., 2006) .
